Greenhouse gas (GHG) emissions and their consequent effect on global warming are an issue of global environmental concern. Increased carbon (C) stabilization and sequestration in soil organic matter (SOM) is one of the ways to mitigate these emissions. Here we evaluated the role of nanoclays isolated from soil on C stabilization in both a C rich Andisols and C depleted Cambisols. Nanoclays were analyzed for size and morphology by transmission electron microscopy, for elemental composition and molecular composition using pyrolysis-GC/MS. Moreover, nanoclays were treated with H 2 O 2 to isolate stable SOM associated with them. Our result showed better nanoclay extraction efficiency and higher nanoclay yield for Cambisol compared to Andisols, probably related to their low organic matter content. Nanoclay fractions from both soils were different in size, morphology, surface reactivity and SOM content. Nanoclays in Andisols sequester around 5-times more C than Cambisols, and stabilized 6 to 8-times more C than Cambisols nanoclay after SOM chemical oxidation. Isoelectric points and surface charge of nanoclays extracted from the two soils was very different. However, the chemical reactivity of the nanoclay SOM was similar, illustrating their importance for C sequestration. Generally, the precise C stabilization mechanisms of both soils may be different, with nanoscale aggregation being more important in Andisols. We can conclude that independent of the soil type and mineralogy the nanoclay fraction may play an important role in C sequestration and stabilization in soil-plant systems.
Introduction
Increased atmospheric carbon dioxide (CO 2 ) is the principal cause of the ongoing global warming (Lal, 2010) . The majority of carbon (C) in terrestrial ecosystems is known to be present in the soil organic matter (SOM) (Batjes, 1996) , and this pool can act as a source or a sink for atmospheric CO 2 (Lal, 2010) and thereby mitigating or enhancing the overall rise in atmospheric CO 2 concentration and associated climate warming issues. Natural nanoparticles (< 100 nm) occur widely in the environment, especially in soils (Calabi-Floody et al., 2009 Montreal et al., 2010; Pan and Xing, 2012) . It has been suggested that nanoclays could be effective in increasing soil water, carbon (C) and nutrient storage capacities, due to their large surface area (Khedr et al., 2006; Hiemstra et al., 2010; Hernández and Almendros, 2012; Regelink et al., 2013) . The use of nanomaterials with their unique electronic, kinetic, magnetic and optical properties may enhance C stabilization in soil (Monreal et al., 2010; Calabi-Floody et al., 2011) . Nanomaterials in soils comprise clay minerals as well as metal oxides. A soil type naturally rich in nanomaterials is Andisol. These soils derived from volcanic ash naturally contain nanoclay, among which allophane is the most abundant (Parfitt et al., 1983; Wada, 1987; Calabi-Floody et al., 2009) .
Allophane is a non-crystalline aluminosilicate, and occurs as nano-spheres with an outer diameter of 3.5-5.0 nm, with defects in the wall structure that give rise to perforations of ~ 0.3 nm in diameter. It has been demonstrated that the extracted aggregates of Andisol nanoparticles retain a significant amount of C (11.8 %) against intensive peroxide treatment (Calabi-Floody et al., 2011) . This was attributed to physical and chemical protection due to the spatial et al., 2010; Chevallier et al. 2010; Calabi-Floody et al., 2011) and may therefore contribute to long-term storage of C in soil. However, Andisols represent only around 0.8% (around 110 to 124 million hectares at worldwide) of global soil area (FAO, 2001 ), but contain 6-8% of total soil C (Batjes, 1996) .
The most common global soil type (based on land area) is Cambisol, it is also one of the major soil types widely used in food production, covering 1.5 billion hectares (FAO, 2001) . Due to intensive agricultural use these soils are now generally C depleted and contain only 3% of soil C (Batjes, 1996) . Nanomaterials in this soil type may strongly differ from those of Andisols and comprise different clay minerals as well as iron and/or aluminum oxides.
The main objective of this work was to evaluate the role of the nanoclay fractions on C stabilization from a C rich Andisols and C depleted Cambisols. In particular we investigated extraction yields, amounts, turnover, and the composition of C associated with the nanoclay fractions of both soils.
Materials and Methods

Soil preparation and clay extraction
The soil samples were collected from a Chilean Andisols (UFRO experimental site) and French Cambisols (INRA experimental site, les Closeaux) all under agricultural management. The Andisols studied were Pemehue (PEH) (39°04′ S and 072°10′ W) and Piedras Negras (PN) (40°23′ S and 072°30′ W) series in Southern Chile (Soil Survey Laboratory Staff, 1996) , both Andisols 0-20 cm depth were collected in 2011. The agricultural management in PEH series corresponds to annual crop (wheat) under traditional tillage, while PN is managed under permanent grassland (white clover + ryegrass).
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We also sampled an Eutric cambisol (Eu Cam) with a silt loam texture, located in the ''Parc du Château de Versailles'' (Centre INRA Versailles-Grignon, France). This experimental area had been thoroughly described in Dignac et al. (2005) and Bahri et al. (2006) . Sampled Cambisols were both under agricultural annual cropping management; maize (CM) and wheat (CW). All soil samples were airdried (2-3 days at room temperature) and sieved at 2 mm discarding coarse plant residues.
Approximately, 100 g of each soil samples were used for clay extraction. Briefly, deionized water (180 ml) was added to 50 g of air-dried bulk soil, and shaken overnight with 20 glass beads (diameter 5 mm). The fraction < 50 µm was collected after wet sieving.
It was ultrasonicated applying 7,500 J g −1 , using a Sonics Vibra Cell model VC 550 equipment, the soil mass (g): water (mL) ratio was 1:10. Around 14 g of soil suspension was placed in a one-liter measuring cylinder, from which the clay fraction (< 2 μm equivalent spherical diameter), was obtained by sedimentation under gravity, following Stokes' law. The separated clay suspension was concentrated by sedimentation overnight changing the ionic force achieved 1.8 M with NaCl.
For Cambisol fractionations three soil suspension cycles and sample sonications were used before clay isolation. With these standard procedures we were able to recover 100 % of theoretical amount (Dignac et al., 2005) . We increased de number of cycles to 15 for Andisols and we were then able to recover around 84 % of theoretical content (Mella and Kühne, 1985) .
The clay extractions were performed in triplicate.
Nanoclay extraction
The nanoclay fraction was extracted using the methodology as described by Calabi-Floody et al. (2011) . Briefly, 5 g of the clay was suspended in 100 mL of 1 M NaCl, ultrasonicated at 5,600 J g The dialyzed material was freeze-dried to yield solid nanoclays. The nanoclay extractions were performed in triplicate.
Transmission electron microscopy (TEM)
A drop of the clay or nanoclay suspension (1 μg
) was evaporated on a carbon-coated copper grid. TEM images were obtained with a Jeol-1200 EXII instrument operating at 120 kV, equipped with a Gatan 782 camera for image digitization. Electron diffraction (ED) was made at 60 cm from the focus.
Elemental analyses and turnover
Carbon and nitrogen contents were determined by dry combustion using a CN Elemental analyzer (CHN NA 1500, Carlo Erba). Stable C isotope ratios (δ 13 C) were determined with a CHN analyser coupled with a SIRA10 isotopic ratio mass spectrometer Dignac et al. (2005) who facilitated the Cambisol samples. From these data we then calculated the C incorporation per year and the mean residence time (MRT) as 1/incorporation rate.
Chemical reactivity and electrophoretic mobility
A portion of the nanoclay fractions was treated with 30% hydrogen peroxide (H 2 O 2 ) to remove the associated organic matter. This was done by adding Electrophoretic mobility measurements were made at 25 °C using a Zetasizer Nano ZS apparatus (Malvern Instruments) with a re-usable dip cell (Malvern EZ 1002). The associated software allowed zeta potentials to be derived from electrophoretic mobility data, using the Smoluchowski and Hückel equations (Hunter, 1981) . Briefly, 1 mg of the clay or nanoclay 
Chemical characterization of soil organic matter
The molecular composition of the SOM associated with the clay and nanoclay fractions were determined by analytical pyrolysis coupled with gas chromatography mass spectrometry (GC-MS), using samples that had been freeze-dried and ground to a fine powder. Curie 
Statistical analysis
Data were analyzed by a multivariate analysis of variance (MANOVA), and comparisons were carried out for each pair with Tukey test by SPSS software (SPSS, Inc.) and the values were given as means ± standard errors.
Differences were considered significant when the P value was less than or equal to 0.05.
Results
Extraction yield and nanoclay size and morphology
Significantly more nanoclay could be extracted (p ≤ Transmission electron microscopy (TEM) showed that nanoclays obtained from the two Andisols principally consisted of spherical aggregates of allophane with main diameter about 100 nm (Figure 1a, b) . The nanoclays from the two Cambisols were crystalline nanoparticles according to observed in electron diffraction patterns with pseudohexagonal morphology (Figure 1c ), typically reported for Kaolinite (Cravero et al., 1997; Qui et al., 2014) . Their main size was ~ 50 nm of external diameter ( Figure 1d ). TEM results showed that nanoclay fractions in the studied soils ranged from 100 -50 nm and were smaller in Cambisol as compared to Andisol.
Carbon and nitrogen content and C turnover
The C and N content in bulk soil were higher in Andisols than Cambisols, ranging from 12.5±0.02 to 106.2±1.1 g kg -1 for C and 1.9±0.4 to 10.2±0.2 g kg -1 for N ( Table   1 ). The nanoclay fractions in the two soil types were (Table 1 ).
The MRT of C was calculated for the Cambisol using stable C isotope ratios using the natural abundance tracing technique The MRT of nanoclays showed a turnover time of 135.7±10.5 years; which was higher than for C in the bulk soil (94.8 years).
Chemical reactivity
After chemical oxidation, significant proportions (p ≤ 0.05) of C and N were removed from nanoclays.
In general, highest C and N contents were recorded for nanoclays after chemical oxidation compared to all other fractions (data not shown). They ranged between 8.1±1.7 to 65.2±0.7 g kg -1 for C and 2.5±0.4 to 12.2±0.3 g kg -1 for N. They were higher for nanoclay extracted from Andisols compared to Cambisols ( Table 1 ).
The surface determinations showed that nanoclay from Cambisols had permanent negative charge (around -35 mV) before and after chemical oxidation of organic matter, while Andisols had variable charge (Table 2) . We found an isoelectric point (IEP) in nanoclays with organic matter of 3.4 ± 0.2 to PN and 2.2 ± 0.7 to PEH, after chemical oxidation of organic matter the nanoclay showed an IEP of 5.1 ± 0.6 to PN and 5.4 ± 1.2 to PEH.
Chemical characterization of soil organic matter
More pyrolysis products were released from bulk soil and nanoclay fractions of Andisols than Cambisols (1-14%).
In the Andisol fraction the pyrolysis products were chemically similar between bulk and nanoclay, while in Cambisols the nanoclay fractions did reveal higher contribution of N-containing compound respect to bulk, and lower lignin-derived and unspecific origin compounds. 
Discussion
Nanoclay extraction yields and morphology
Cambisols nanoclay was extracted with fewer washing steps than Andisols (5 instead of 11). Despite the faster extraction procedure, nanoclay yields were significantly higher (p ≤ 0.05) for Cambisols than Eusterhues et al. (2005) .
In Andisols, the nanoclay contribution to the clay fraction ranged between 22 to 28%. This is in con- and pesticide migration (Xiang et al., 2014) .
According our results, we suggested that in terms of extraction, nanoclays from Cambisols could be more interesting for future nanotechnological applications, due to faster and easily nanoclay extraction procedure and much larger yield, while nanoclays from Andisols could be interesting in terms of higher reactivity of he allophane. 
Carbon and nitrogen content
In the nanoclay fractions extracted from both soils,
we observed an enrichment of C compared with bulk soil, around 2-fold for allophanic nanoclays and more Nano materials (<100nm) have been recently identified as being potentially important for C sequestration in C rich soils such as Andisols (Chevallier et al., 2010; Calabi-Floody et al., 2011; Hernández and Almendros, 2012) and Mollisols (Monreal et al., 2010) .
Nanoclays may be important for soils C storage because of their high surface area, surface reactivity and their associated properties such as adsorbing or binding to organic and trace metal contaminants (Tsao et al., 2013) . However, allophanic nanoclays showed a significantly higher C and N content than kaolinitic nanoclays, around 5-fold more C and 3-fold more N (Table 1 ).
These differences could be explained due to higher specific surface area of short-range-order minerals content of Andisols compared to Cambisols (Saggar et al., 1994; Chevallier et al., 2008; 2010) and their observed behavior as natural gels (Woignier et al., 2006; Chevallier et al., 2008; 2010) . Therefore, in the nanoclay fraction of Andisols most probably OM is protected from microbial decay by physico-chemical mechanisms in the pore structure of Andisols.
To determine if the nanoclay fraction is also important for SOM stabilization in Cambisols both soils were also subjected to chemical oxidation, which is known to isolated old stabilized SOM (Eusterhues et al., 2005) .
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Chemical oxidation and C stabilization
After chemical oxidation, the C and N contents were significantly reduced (p ≤ 0.05). Hydrogen peroxide removed between 67 and 80% of C and 33 to 56% of N (Table 1) . Both soil showed similar losses and bulk soils were not different from the nanoclay fractions.
After C chemical oxidation of soil fractions, the significant influence of nanoclay fractions on C stabilization clearly was observed (Table 1) Andisol (Mora and Canales 1995a) . In both Cambisols we observed a trend to reduce the negativity of zeta potential with C chemical oxidation, these results are in agreement with our results of the C with the same content being removed from these soils (see Table 1 ).
The nanoclay fraction plays an important role in C stabilization in Andisols (Chevallier et al., 2010 , Calabi-Floody et al., 2011 Kögel-Knabner and Amelung. 2014) . Taking account, the results presented in Table   1 we observed a higher amount of remained C in PN than PEH nanoclays. Vistoso et al. (2009) , respectively).
These results may suggest that the presence of allophane does play a leading role of C stabilization in Andisols. Our data indicated that also in Cambisols the C stabilization was mainly attributed to nanoclay (Table 1) .
These results could be explained by the adsorption of strongly humified organic material to the smallest soil particles (Rumpel et al., 2004) . The MRT calculated for nanoclays (135.7±10.5 years) from Cambisols was higher than for bulk soil of 94.8 years, suggesting that it takes longer to replace C present in the nanoclay fraction compared to bulk soil. These values are much lower than what was generally reported for mineral associated stable soil C, which can have MRTs up to several thousand years (e.g. Moni et al., 2010) . However, these 'stable' compounds are rarely found in topsoils (Bol et al., 2009) . Our data suggest that association of SOM to nanoclay may have the potential to lower C turnover of topsoil in the range of several decades.
Chemical characterization of nanoclay associated SOM
Organo-mineral complexes were studied by pyrolysis, the pyrolysates produced by soils fractions from (Schulten and Schnitzer, 1998; Buurman et al., 2007) , they but could also be pyrolysis products of chlorophyll (Dignac et al., 2005 , Gonzalez-Perez et al., 2007 , Buurman et al., 2007 . In Andisols, the N-containing compounds contributing were mainly derived from pyridines and pyrroles (Appendix A).
Pyrroles can be derived from plant proteins and substituted pyrroles are formed readily through porphyrin pyrolyzes, which is an essential component of the chlorophyll (Bracewell et al., 1987; in Schulten and Schnitzer, 1998 for biotechnological applications. Parfitt et al. (1999) and Nierop et al. (2005) suggest that polysaccharides may be temporarily stabilized by the presence of allophane, explained the high abundance relative in these Role of Nanoclays in Carbon stabilization in Andisols and Cambisols soil fractions. The molecular chemistry of the organic fractions indicates a strong decomposition of plantderived organic matter and a strong contribution of microbial sugars and N-compounds to soil organic C (Schulten and Schnitzer, 1998; Buurman et al, 2007) .
The findings of this study indicate a relatively higher contribution of BC in nanoclay fraction from Andisols. The small differences observed in BC content on the different Andisol fractions (Figure 2 ) could be attributed to the fact that the stable C in Andisol was mainly in the nanoclay fraction due to high allophane content (Chevallier et al., 2010; Calabi-Floody et al., 2011) , which have strong organo-mineral interactions (Mora and Canales, 1995a; Chevallier et al., 2010; Calabi-Floody et al., 2011; Rumpel et al., 2012; Matus et al., 2014) . Moreover, BC compounds in soil are known to be stabilized by interaction with minerals (Brodowski et al., 2005 , contributing to the long-term soil C storage (Rumpel et al., 2008) . In Cambisol (Figure 2 
Conclusions
Nanoclay fractions from both soil types have contrasting characteristics in terms of size, morphology, organic matter content, composition as well as surface reactivity. However, overall chemical composition of SOM was similar for both soil types, highlighting the importance of nanoclay fraction for C stabilization.
Stable isotope analyses indicated a decadal stabilization for SOM associated with nanoclay isolated from Cambisol topsoil, which did not show a strong aggregation of the nanoclay fraction. For Andisol, the C stabilization potential may be higher in Andisol due to the spatial arrangement of minerals and SOM in nanosize structures, which could be efficient in contributing to the long-term soil C storage.
The applied nanoclay extraction methodology was more suitable for Cambisols than for Andisols, indicated by faster and easily nanoclay extraction and much larger yield obtained (~50 % of clay fraction).
Low nanoclay yields for Andisols did show that it is necessary to further improve the nanoclay extraction procedure for this soil type considering the potential of allophanic nanoclay for use in future nanotechnological and biotechnological applications (CalabiFloody et al., 2009 (CalabiFloody et al., , 2012 Garrido-Ramirez et al., 2010; Menezes-Blackburn et al., 2011) .
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